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O+2 + eth → O + O(
1D)
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O + eph → O(
1D) + eph
•
ﬀ X 0K"0>>1*N*/0>1 0'D$ﬀﬃﬂU0-CJ&;D#%0'ﬀ !Iﬀ1?	<
ﬃ
QWﬀ Dﬀ1?	 & <













	TﬃW410'XQﬀ n	I0'#YWﬃ */0>Q> */*N0>)4  L\('4ﬀ:$ﬀﬃﬀ KL\>?#?D[-*N*/0'*MDz$1$A



















)!	!-K 3@- -*".#':ﬁﬀ?ﬂUR&'#S4N410>ODﬀ O0'A4
	Z410'YY0-CJ&;O#S0'ﬀ !I"
ﬀ1?	 <0'DK4.0K"	 ('RﬂHﬀUﬀ %A*NG#ﬀ ﬃﬀU1!AY	k	-*/('E('4
























& *+	,ﬀ 	'&>	<Hz'&j D0'O?'ﬃ	<-*EK	"A*Eﬀﬃ*%?#0	gNR4"A*- 3\Aa"OR&'#S4N410>
-*Y	0'-*N**PK	"Lxﬃ*+ ('Pﬀ -*S 	T1 0'*%0'K0*N!--*M-*D	<0>A-*N*+*P	0''+10'RLi	<!2





4 ?	0'ﬁ|)A%= & 3\Aa"Oﬀ !-&;	<E&'#S4N410'
ﬀ?ﬂUﬀ  
%ﬀﬃﬂU!# */*
10>-*".	s?ﬃRﬀ #S4j-*N!-Y	kﬀ $	!I 0'	I0'#YWﬃ */0>>1*N*/0>1)
  ﬁOﬀ A*O?#+"*c 0"0>!ﬀ I+





	 ﬁﬀﬃﬂﬃ   "!$#%&'!)('*+	,ﬀ -*.!# */*
10'*






































 10>*:	Z>)4  A*AL!2B -*7	 ﬀ -*F0> 
ﬁ 4"*Fdﬂ

?*""ﬃRL*/0>4l0'*NN4"-*F4 I%ﬀﬃﬂﬃﬀ  

   5































ﬀ D!-*/+  410'DA0'ﬀUﬀU *+ 0'ﬀUﬀ 
N2
ﬃ
XWﬀ Oﬀ ﬃ	& <
N2(A
3Σ+u ) + O → N2 + O(
1S)
•




O + eph → O(
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Photoelec. flux (E=6eV) [cm−3.s−1.eV−1]











































SZA = 30 degres



















){ >$D0>!ﬀH1*/ 0'*,.-0/.132.-4,vDﬀ?ﬂH!#1*N*+ 0'$Dﬀ X	Z1M 	"A:-*M	Z#%;
	<-*=*/*N0<













 "!n[ﬀﬃﬂﬃﬀ  
n'p)XdﬂU!# */*























	<0 1*M	<!-+10'*.*N0'4Sﬀ1X	IA0>#YWﬃ */0'D>1*N*/0>1  
ﬃ












ﬁh0	"ﬁ   "!Q#%&>!A)('


























































 	V#S0* !	T1('YDﬀ [	< B:Y$1'L 1[#D
~





















	Z1E 	"KL.X#?ﬀH1Qﬀ?ﬂUﬀ  
'X#M-CR?## dﬂH!#1*N*+ 0'$A$1E
 	V#S0*+ !	T1('
(M%40K"	ddﬂU	;-*iAa" >&'	<F){%('LA0'##S=K0'	 ﬀ1%	Z1.	0'&KLﬀﬃﬂﬃﬀ  
:'S#M-CR?##









0	*o(' ﬀﬃﬂU0']*ﬂﬃ4"!	<A*/*N] ﬀﬃ*9	<;A*cR-C 	<0>A-*N*+*cw	<0>' 0'RL70'w0K"v(' ﬀ  ﬀﬃ*
?#0	gNR4EA*N$ﬀ n!-*/+  410'nA0'ﬀUﬀU1*
10>ﬀﬃﬀ Pcﬀ?ﬂU@0K"c#%0>ﬀ !Iﬀ1?	 3@a"9	<!-+10'Q 0> %*o
A0>4
















CK "!E-*"%	<0>' =	lﬀ A*%?#+"*.D 0K"0 !ﬀ I
	0'*.*+	eﬀ1








CK "!O$ﬀ1[#%0'ﬀ !Iﬀ dﬂﬃ50K"
~
$*NI0'p	0'-*N**$	<!K0'!	<R4%-*"MﬀUk#SAaN4S "`ﬀ -*Oﬃ#Y"*EP 0"0>!ﬀ I+
	<0'*
*+	.ﬀ -*M"0'#S-*MdﬂU0-CJ&; 3\n	0'-*N**M 0  ﬀﬃ*N*+*/Q0'4
	TﬃW410'Q>?#?	FQ-*N*/0'*








	s?W4 0'*MOA-*M-C_	<!-+10'*Lkﬀ X!A*o   0'[A0>ﬀﬃﬀU *+ 0'ﬀUﬀ D
ﬀ A*ﬃ#Y"*SX 0K"0 !ﬀ I+
	<0'*L@&'#S4"$-Ccﬀﬃ* 4"-*Mﬀ  
-*A=3\I4 -*"ﬀU !D B-CQ
 0K"0 !ﬀ I
	0'*F(' 14,ﬀﬃ*,?#0	N4lS-*N**F7sJ)('#%4lz6A$A@"z{'A =# dﬂﬃﬀ  
KL
*+  4Yﬀﬃﬂﬃ&'ﬀ $*N0'ﬀ ﬃ	< ! 
 ﬀA0>*+1!	<!
ﬃ
 0 ?	7IP'_#?ﬀU RL=:X&R )& 3@ -Cc&> 
>?	I+"#S47*+	eﬀ1$	<!-+10'ﬁ?#ﬀU1('R4Gﬀ -*Sﬃ#Y"*j*	eﬀﬃﬂU0-CJ&;E"0>#1('MAG?ﬀA*N+LdA0'##%
!$A
){&$DA*	-* D   A

   






)!	<!KL,ﬂUA*N :)a>?	<vﬀ1f	I0'#YWﬃ */0>p>1*N*N0'4)4  KLe 0> O*/pA0>4
	T 
















4M*Dﬀ?ﬂH!#1*N*+ 0'cPﬀ `	Z1$ 	g"$ 0>14Oﬀ 	jA0'4
	s?W410>n>?#?	,Q-*N*/0'*[z$A$A








 	V#S0*+ !	T1('>?#?Oﬀ 0R	*o('Dﬀﬃﬂﬃ   "!D#%&>!A)('
&'#%4"KL%ﬀ?ﬂUﬀ  
A$1*N!ﬀ [ﬀ !-&;	<#S4: 	<*Mﬀ D R4
2     	 
_6 	 5 5 5
    






	Xﬀ?ﬂ^?4"*+ "!OMﬀ?ﬂURﬀ  










 a=0'!A-*,O0 ?	B-*"7ﬀ E#  #S
('cAﬀﬃk('k4  !A"!p4?ﬀH1*N!b0'	%ﬀ?ﬂH!A
_bﬀ?ﬂ^?cbﬀ?ﬂU+   "!n*N0'ﬀ ﬃ	<
ﬃ
 ﬁN '&'	-*
{)`M{ ?'&%('i	<	<!A*/4"PA*Y0'>  0'*&!-0>#M&'!A1(' ﬁsﬃWﬀ -*A
~
>aP[0'!-A*









 "!ﬁ('D*+	.ﬀ?ﬂUﬀ  
D'n#M-CR?## dﬂH!#1*N*+ 0'RL@ﬀ 0	*M('Q0'*%  0'*
A0>*NN4"!9`ﬀ !-&;	<n&'#S4N410'
ﬃ
`ﬀﬃﬂU0	Z'	Pb|"A%= &*+	Mﬀ A*[	!-*+ﬀ N4"* *, -0/.1 2 -4,43\2
R4+Liﬀ19c	<	!-*N4"9*$P?A0>#Y4?WﬃﬀU "!X*ﬁﬀ 9#%A*	Q0#"`ﬀ >acc#S-*+	<-*
D   A






Ak0'*M 0'*ED 0>ﬃ	,('Rﬂﬃ[> \!	<KLx`  IPPﬀﬃﬂU!# */*
10>nPﬀ1_	Z1P	<0>&KL
RﬂH!AN .	Z4?Wﬀ Yﬀ 0R	*o('ﬀ?ﬂH0'0'#Y	Z .ﬀ A*.#%A*	-*S	T */A*7-CBﬁs?Wﬀ -*G1*,R-CBﬁh0R	g"-*j+ 
!'|
3  
	 ﬁﬀﬃﬂﬃ   "!$#%&'!)('*+	,ﬀ -*.!# */*
10'*

































































































) 	$D-*+	<-* D   A

   -*lN-CEdﬂH!#1*N*




























&LAﬀ  "X$0'!-A*Mﬁ 	E	<	!-*N4"cﬀ A*





){&$DA*	-* D   A

   




























































































d ?  $DA*	-*BD   A

   B-*NR-CcdﬂU!# */*
10'n 0>ﬀﬃ#)('-*_ﬀﬃﬂﬃﬀ  
Q'9)$
 	9










































$ﬀ1X	< E 	"L (' */0>4:
	ZA!A-*G*+	,ﬀ 	'&>	<E ?'L0'[4%0K"	$ﬀU*MAa"-*. 	s)410'*A





ﬀ A*	>&'	<A*D{ 1bAY{ #'
~















D*o4E0'	('ﬁﬀ?ﬂH0'P1*N*ND+C  ﬃW	,ﬁ0'#YK0	"#S4= ﬁh0' 0'ﬁ[ﬀ?ﬂU+   "!




	<ﬁX!A 1APPa"D 	T1 0'cﬀ 0	<*/('Pﬀ?ﬂH0'c*/*Nﬁdﬂ  ﬁs?Wﬀ  :_
ﬀﬃ*Cﬁh0	g"X   "!n#%&'!)('K
>
	jA0'4




 "!['_)$dﬂH!#1*N*+ 0'RL Anﬀ !-&K;	<
&'#%4N 0'Oﬁﬀﬃﬂﬃﬀ  
Y$) -Dﬀ?ﬂU+   "!D#%&'!A1('

ﬃ*+?L 0'`	A
	0'4 Pﬀ A*A0'#0	"#%4"*('cﬀﬃﬂU0>P4  `#SAa
	[P! )ﬁ&'	  Aﬁ`#S0<
;ﬀ  *,.-0/.132.-4,iL A(' #S0'4
	<('Dﬀ A*: 	s)410'*Sﬃ' "A*%	eﬀ?ﬂU&'#%4N 0'ODﬀ?ﬂU+   "!




EﬀU*j	<!I41*NSjG('4 '-410>MGAa"=+10'SMﬀﬃﬂﬃ   "!M#%&'!)('L'0'*e4 0'*
4?ﬀH1*N!_ﬀ -*$#S-*+	<-*BD   A

   @[ ('X0	VW "KLxAO0'9*$ﬀ19#S0JA 0'Rﬀ [-*0'!-A*AL
('ﬀU */*N$ﬀ -*7 	T)410>*-
       







	<$Y+C#ﬀ AA*7 	T1 0'*%K0'	eﬀ A*%#%A*	-*E	Z1
 	g"b' A$#w#M	<*9|"!$!K{dL a0'	V!A]K0'	Yﬀ ('ﬀﬃﬀ ]ﬀ?ﬂU   "!]#%&>!A)('`!AN ﬁh0	"L74 Ip
?>1A
Ap
ﬁzd 3\-*E 	s)410'*?#0	N4"-*E*N0'4OﬀH1*N*/!A-*$ﬀ 0	*o('cﬀ?ﬂH0'_4?ﬀU */[A*D#%04JA-*













	<0> *.!ANA*=*N0'4Sﬀ -*.*+  4"-* <
|.*N0'*"






){&$DA*	-* D   7   

































d 1  -CpdﬂU!# */*
10'p 0>ﬀﬃ#)('-*[' 1c










%dGARﬀ ﬀ>-*%ﬃ4"	 ﬀﬃﬀ -*GA0>)dA
~
	#1;	<G!ANG-*",ﬀ1%*N0'*"












A*G'	<0> "-*.0'W4"-*G0'4=0'	i!-(' 0' <
•




< ηmax >= 17915×MgII − 4102
< Zmax >= 369×MgII − 43, 8
•




< ηmax >= 12610×MgII − 2911
< Zmax >= 687, 2×MgII − 34, 8
•




< ηmax >= 6077×MgII − 1419
< Zmax >= 826, 1×MgII − 54, 7
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Kp − 3h preceding the orbit
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Kp − 3h preceding the orbit
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O + eph → O(
1S) + eph σ1S = 3, 3× 10
−18 cm−2
l0 	Tﬃ&Q Fﬀ11A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O+2 + eph → O + O(



















+ O → N2 + O(
1S) kdc = 2, 8× 10
−11
A
βdc = 0, 36
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N + O+2 → NO
+ + O(1S) krc = 2, 5× 10
−11
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O(1S) + O → O + O k′O = 2× 10
−14
rBﬀ R&K	kRﬀ1 =g|)!$#'|
O(1S) → O + hν (557, 7nm)

557,7 = 1, 215
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O + eph → O(
1D) + eph σ1D(E)
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O + eth → O(
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O2 + hv → O + O(
1D) σsr(λ)
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N(2D) + O2 → NO + O(




N+ + O2 → NO
























O(1D) + O → O + O kO = (3, 730 + 1, 1965 10
−1 T 0,5n
−6, 5898 10−4 Tn) ∗ 10
−12
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O(1D) → O + hv(630.0 nm) A630.0 = 7, 1 10
−3
+	<0 -*N2 +>1*+ 	



















  ﬃ  ﬁ 	 



























	<_P*ﬂUA*Nﬁ*[	!A !ﬀ !-9K	g?4"PR*"0'*ﬁﬀ -*O-*ALiA$0>*O4 0'* 0'ﬀﬃP !	T '	7*N0'
?4"!	  M0'	e0
	<$#%0>;ﬀ  *,.-0/.132.-4,





	Qcﬀ1n!A*o   0'n0'ﬀ 







+ ^ﬀ *ﬁ0'4P4ﬃﬀU1*N!fK0'	MAa"f	!I 0' pN-C




|"!$#'|5&(&DK0'	70>W4"?	Sﬀ  B-C`*N0'ﬀ ﬃ	<
  
L :bﬀﬃﬂU
CKA4 0'_('`ﬀ -*[	Z>)410'**N0'*[ﬀ -*YzK'A
	
0'4:!A"!R&>#%4"!--*=dﬂ	ﬁs"	z' ﬀRA*N :Q0K"	F	i?ﬀUﬀ 	*G('$ﬀ -*E#S-*+	<A*S0'4?4:
#S0'4












  ^ﬀ *Y0'4?	!bﬀ -*OA0'ﬀﬃ*
10'*
































10>$ 0'ﬀﬃ#)('A*=0>W4"*SR*Eﬀ A*E#  #%A*%0'>  0'*ALx#% *=P4?ﬀH 

















_4ﬃﬀU *o4S-*%N-CPQ	<!-+10'Q A'LH{'1'Liﬀ -*SNR-CQdﬂH#1*N*+ 0'[ 0'ﬀﬃ#)('A*M*/0>4%
ﬀﬃﬂU0	Z'	Oz$AﬁA:{'A  ﬀU*M?#0	N4+LAGI4\ﬀ 0R	*o('ﬁﬀ?ﬂH0'X4?ﬀU */ﬁ	<A*KI+  #S4Eﬀ -*
#S0';ﬀ A*G 7e?4"	<-&K&	kA7Rﬀ?'0'O \0'W1* =+Q0>	i-ﬀ1ﬀ 	Fﬀ  -C$*N0'ﬀ ﬃ	<
  






















	< "*ﬀ ?*x0R	T	<A*K0'4@R-CS	<!A*ﬀ N"*
*, -0/.1 2 -4,
~






	T1R&>ﬀ -*S 	<*Yﬀ PW*%*N0'4



















	<!-+10'DﬂA'L %6?[0'	A'LH{'1d ^ﬀ R	Z :('[ﬀ N-C$dﬂU# */*
10'O 0'ﬀﬃ#)('0'W4"RLQ4ﬃﬀU *o4

























	< ?ﬀ> *o4,('Rﬂ^?ﬀ!AN ,+C
	  #S#S4





ﬀ 0	<*/('`ﬀ?ﬂH0'`4?ﬀU */cﬀ c#S0';ﬀ X -C
  
 @0'W1* =+ 





3pK0'	>0'W4"ﬃ	\ﬀ B-CS*N0'ﬀ ﬃ	<Sﬀ 





	<ORﬂU$*,#%!ﬀU10	!Oﬀ A*=	!-*+ﬀ N4"*AL>A,A- ('ﬀ?ﬂH0'D	<O
N-C[$	<!-+10'ﬁﬂA'L %$?ﬁ0'A>LU{'1'
~
A*S> \!	<A-*=0'W4"-*G*/0>4G'Q# #SY0	<'	<Y('Rﬂﬃ4 IDﬀ 






	<!-+10'uf!A*o   0'u0'ﬀﬃﬀH1*



































?ﬀ *""RL RL R(*D  N*N*/ <
G 
OI














 ?ﬀUﬀ ;	<KL 3lL R
~
ﬃﬀ *"" L R<
 ^BA06ﬁi
 &-0'#%&'A1   sJO0>O
 
OI










Annales Geophysicae (2004) 22: 1–14
SRef-ID: 1432-0576/ag/2004-22-1
© European Geosciences Union 2004
Annales
Geophysicae
The OI 630.0 and 557.7 nm dayglow measured by WINDII and
modeled by TRANSCAR
F. Culot1, C. Lathuille`re1, J. Lilensten1, and O. Witasse2
1Laboratoire de Plane´tologie de Grenoble, Baˆtiment D de physique, B.P. 53, 38041 Grenoble cedex 9, France
2ESA ESTEC, PO Box 299, 2200 AG Noordwijk, The Netherlands
Received: 10 October 2003 – Revised: 16 January 2004 – Accepted: 2 February 2004 – Published:
Abstract. A 1-D fluid/kinetic code is used to model WIND
Imaging Interferometer measurements of the atomic oxygen
(3P-1D) red and (1D-1S) green thermospheric dayglows at
630.0 nm and 557.7 nm. This modelling is performed for dif-
ferent latitude and solar zenith angle conditions, in order to
reproduce the measurements all along the satellite orbit. Re-
sults are successfully compared to the interferometer’s ob-
servations, reproducing the measured volume emission rates,
together with the maximum emission altitude. A good agree-
ment is found regardless of the position considered along the
satellite orbit, meaning that the solar flux and the solar zenith
angle influences were successfully taken into account. To-
gether with this model study, a four-year red and green oxy-
gen lines set of WINDII data is analysed with regards to those
geophysical parameters. Correlations between volume emis-
sion rates and solar flux are evaluated and it is found that the
MgII index is better suited to this kind of study than the
f10.7 decimetric index.
Key words. Atmospheric composition and structure (air-
glow and aurora; thermosphere – composition and chem-
istry) – Ionosphere (modeling and forecasting)
1 Introduction
Studying the atmosphere’s airglow emissions is a broad re-
search topic, which provides valuable information about the
chemical and dynamical processes controlling the state of
the upper mesosphere and lower thermosphere. Even if this
aeronomic research field is quite new (the word “airglow”
was first used by Chamberlain (1961)), a number of stud-
ies have been done to examine the various upper atmosphere
emissions. Among those emissions, the O(1D) 630.0 nm
red and O(1S) 557.7 nm green atomic oxygen lines are the
most intense and, therefore, have been the subject of nu-
merous studies, using two complementary approaches: ob-
servations involving ground-based rocket and satellite tech-
Correspondence to: F. Culot
(frederic.culot@obs.ujf-grenoble.fr)
niques, and modeling. We focus on the thermospheric day-
glow. Most of the available data were obtained either from
the visible airglow instrument (Hays et al., 1973), or from the
WIND Imaging Interferometer (WINDII) (Shepherd et al.,
1993), that we will use here. Ground-based daytime ob-
servations are more recent because of detection problems
due to the presence of a high solar background against a
faint dayglow emission. The first studies were made pos-
sible with the development of dayglow photometers (DGP)
(Narayanan et al., 1989) and multi-wavelength daytime pho-
tometers (MWDPM) (Sridharan et al., 1998). In a very recent
paper, Taori et al. (2003) discussed simultaneous ground-
based observations of red and green dayglow and outlined
the significant importance of the thermospheric contribution
to the 557.7 nm emission, as already shown by rocket and
satellite measurements.
The complementary approach to measurements is mod-
eling: the different line excitation processes begin to be
well understood, as shown by the confrontation of the mod-
elling to the observations. Several papers review such works,
among them (Solomon and Abreu, 1989) for the red line and
(Singh et al., 1996) for the green line. Most of the recent
studies try to model WINDII observations whose database
covers several years, including all geophysical conditions.
However, most of these studies focus on a limited set of data.
Among the most recent ones, Tyagi and Singh (1998), using
the Solomon’s glow model, have shown a reasonable agree-
ment between modelled data and a morphological picture of
WINDII observations of the greenline dayglow obtained be-
tween December 1992 and April 1993. Witasse et al. (1999)
modeled both the red and green lines emissions for EISCAT-
WINDII correlated observations and highlighted the need for
renewed measurements of the EUV solar spectrum, that is
one of the main input to any glow model.
In addition to this input, some of the reaction rate coeffi-
cients are still under debate. For example, a new temperature
dependant rate coefficient for the reaction N2(A36+u )+O, is
proposed by Hill et al. (2000). The Upadhayaya and Singh
(2002) and the Singh and Tyagi (2002) papers outline the
resulting ambiguity. They discuss both the EUV spectrum
|4z6#
2 F. Culot et al.: The OI 630.0 and 557.7 nm dayglow
Fig. 1. Synopsis of the TRANSCAR model.
model and the Hill et al. (2000) new temperature dependant
coeffic ient for best representing WINDII dayglow emissions.
Our work comes naturally in this modelling perspective
but aims to give a more global picture of the thermospheric
WINDII measurements over its 5 first years of observations,
and moreover to discuss the current ability to model the main
features that are observed. For this purpose, we focus on
the altitude and intensity (Volume Emission Rate - VER)
of the 630.0 nm dayglow and of the thermospheric layer of
the 555.7 nm dayglow, for which a statistical analysis over 5
years is done. We model the WINDII observations along the
satellite orbit meaning that we take into account the coupled
influence of local time (or Solar Zenith Angle – SZA) and
latitude. This is done for high and low solar activity and for
both emissions.
The TRANSCAR model and its glow added software
(Witasse et al., 1999) that we use here, is presented in the first
section. It has shown its ability to correctly describe high lat-
itude measurements but needs to be tested against other geo-
physical conditions and latitudes. The calculation of the peak
and intensity of the thermospheric emissions from WINDII
instrument is described in the second section. Then, the re-
sults obtained from the modelling of the oxygen emissions
along the WINDII orbit are discussed. Finally, the statistical
behaviour of the thermospheric red and green oxygen line
emissions is presented, as a function of the two main geo-
physical parameters that characterize them: the solar zenith
angle and the solar activity. This statistical study is limited
to periods of quiet magnetic activity.
2 TRANSCAR model
A complete description of TRANSCAR can be found in
Lilensten and Blelly (2002), including the most recent en-
hancements. Only the global structure of the code will be
recalled here. However, the model was run only for high lat-
itudes until now, and thus a discussion about why it’s use can
be extended to mid- and low-latitudes is included after the
model presentation.
2.1 Model description
To give a brief overview of the code, one can say that TRAN-
SCAR is based on the coupling of two models:
– A one-dimensional time-dependant fluid model of the
ionosphere which solves the temporal evolution of the
lower moments: concentration, velocity, temperature
and heat flow of the isotropic distribution function of
six ions (O+2 , N+2 , NO+, O+, H+ and N+) and electrons
– A kinetic model which solves the energetic electron
transport equation and provides electron heating and ion
production rates.
The dynamically coupling of both parts of TRANSCAR is
illustrated by the synopsis in Fig. 1.
Concerning the photochemical model used to simulate the
red and green oxygen lines emissions, all of the production
and loss processes with the corresponding rates for the O(1D)
and O(1S) states are given in Witasse et al. (1999). The main
reactions used in the model are summarized in Table 1. Fig-
ure 2 is a scheme that shows the relative contributions of
these major processes. This scheme represents the oxygen
red and green lines at mid-latitudes (around 45◦), at around
12:00 local time, and for weak solar activity (f10.7∼120) and
weak magnetic activity (Ap≤10). The most important pro-
duction processes at the maximum of the layers are the pho-
toelectron impacts and the collisional deactivation of N2 for
the 557.7 nm thermospheric emission, and the dissociative
recombination, together with the photoelectron impacts for
the 630.0 nm emission.
Using the TRANSCAR model, Witasse et al. (1999) com-
puted the oxygen thermospheric dayglow at high latitude
(Tromsø, 69.6◦ N). They fir st compared the modelled iono-
sphere to European Incoherent Scatter (EISCAT) radar mea-
surements. This allowed one to calibrate the neutral at-
mosphere. Then, they compared the airglow results with
WINDII data. In the present work, no calibration of the
neutral atmosphere is performed. The vertical profile s of the
major neutral components are taken directly from the empir-
ical model MSIS-90 (Hedin, 1991), and the EUVAC model
(Richards et al., 1994) is used to provide the solar EUV flux.
Electron density and temperature, ion densities and temper-
atures, as well as O(1D) and O(1S) emission rates, are cal-
culated consistently within the model throughout the whole
thermosphere altitude range without the use of any other em-
pirical model than the two cited above. Lathuillere et al.
(2002) have shown that the MSIS-90 model was fully consis-
tent with thermospheric temperatures deduced from O(1D)
WINDII measurements for quiet magnetic activity periods
and have pointed out that the MSIS-90 model underestimates
these temperatures for large magnetic activity. Therefore, we
have limited the present study to days with low magnetic ac-
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Table 1. Main production processes used in TRANSCAR for the red and green atomic oxygen lines.
630 nm red line 557.7 nm green line
Electron impact Electron impact
O + eph → O(1D) + eph O + eph → O(1S) + eph
Photodissociation of O2 molecules Photodissociation of O2 molecules
O2 + hν → O + O(1D) O2 + hν → O + O(1S)
Dissociative recombination Collisional deactivation of N2
O+2 + eth → O + O(
1D) N2(A36+u ) + O → N2 + O(1S)
Fig. 2. Relative contributions of processes involved in the green (left-hand side) and red (right-hand side) atomic oxygen day time emissions
(after Witasse et al., 1999). This scheme stands for solar conditions with f10.7∼120, low magnetic activity (Ap<10) and at 12:00 LT.
in TRANSCAR can be found in Lilensten and Blelly (2002)
and Witasse et al. (1999).
In this study, we model the oxygen emissions along a
whole satellite orbit, that corresponds to the zonal mean of
a given day as described below. Each point was obtained
after the TRANSCAR simulation was run for 10 h (in local
time) in order to reduce dependence on initial conditions and
to be sure to be in a steady-state situation. The fluidequa-
tions are solved every second to provide the electron temper-
ature and concentration, and the kinetic code is called every
fi ve minutes, in order to regenerate the heating rates and ion
productions.
2.2 Use of TRANSCAR at mid- and low-latitudes
The geometry of the physics is different in the nightside and
in the dayside. In the nightside, the electrons are coming
along the geomagnetic lines and any secondary electron due
to ionisation through impact is driven along the geomag-
netic line. The secondary electron angular phase function
is strongly forward peaked, while the primary electron keeps
its initial direction (Opal et al., 1971). The movement may be
upward or downward. The pitch angle under which the inci-
dent electron collide with a neutral target is reflectingthe fact
that the electrons rotate around the local line of force, while
the centre of mass follows the line of force. Therefore, in
the nightside, the natural geometry is to describe the move-
ment along the B field. Any projection along the altitude axis
is not possible when the two are perpendicular. At low lati-
tude, the fact that the line of force is almost perpendicular to
the pressure gradient introduces some error that has not been
carefully quantified yet.
The problem has to be reconsidered in the dayside of the
Earth. The reason is that the primary source of electrons
is the solar XUV-EUV flux. The natural geometry is then
the line of sight between the observation altitude and the
Sun. The projection along the vertical axis is taken into ac-
count through a Chapman function. When a photoionisation
occurs, the primary photoelectron is created in any direc-
|)%6A









Fig. 3. Problem Geometry. The axis s is the solar-terrestrial axis.
At an observation point at the surface of the Earth, the solar zenith
angle is χ . The vertical axis at this point is z. The local magnetic
fie ld line is represented by the symbolB, and we consider an atmo-
spheric slab of thickness dz.
tion: the angular phase function is simply isotropic. Then,
when this primary electron creates a secondary production
through impact, the secondary electron is forward peaked,
but since the primary electron comes from any direction, the
result is that on average, the secondary electrons have an
isotropic distribution. This fact has a tremendous impact on
the physics. We may consider 2 steps illustrated in Figs. 3
and 4.
In Fig. 3, we consider an atmosphere slab. It is character-
ized by a single density value (actually, one per species), a
single temperature, and a single magnetic angle value. The
line of sight is s, the vertical axis is z. A photoelectron cre-
ated in A is projected on the z axis by a Chapman function
(point A′). There, the motion of its centre of force is along
the local magnetic line. The isotropy means here that its pitch
angle is isotropically distributed. Let us consider that it goes
down with an angle µ (with a projection). In the same slab,
an electron created in C would be projected in C′ with an
isotropically distributed pitch angle. Its probability to go up-
ward along the local magnetic line with the pitch angle µ
is exactly the same (1/4pi) as the first electron to escape A′
downward with a pitch angle µ. The conclusion of this ge-
ometry is that in A′, there are as many photoelectrons going
in any direction.
To envision the following, we consider Fig. 4. The ques-
tion is now “on which projection is there a variation in the
stationary electron flux?”. This means that we are now not
dealing with the photoproduction but with the electron trans-
port, i.e. with the Boltzmann equation. In Fig. 4a, we con-
sider an horizontal projection. On the basis of what precedes,
the horizontal projection of a secondary electron created in
A′ by a collision between a photoelectron (isotropically cre-
ated) and a neutral is exactly compensated by a secondary
electron coming from the point D′. This is a consequence of
the isotropy of the photoelectrons (which are now the ion-
ization source). This is also a consequence of the fact that
we suppose that the atmosphere is horizontally stratified (or,
as in Fig. 3, stratifi ed parallel to the surface of the Earth).
Therefore, there is no information in the horizontal axis on
the variation of the stationary electron flux.
In Fig. 4b, we look at the vertical projection. An elec-
tron which escapes the point A′ in a given altitude slab to
the lower (respectively larger) altitudes meets a denser (or
weaker) atmosphere. Its absorption by inelastic collision in-
creases as the collision depth increases. Therefore, it cannot
be compensated by an electron coming from a point E′ in the
closest lower slab. In short, the electron fluxvariations occur
in the vertical axis (or in the axis perpendicular to the atmo-
spheric slab). When the magnetic field is also horizontal, the
problem becomes simply local at the scale of the free mean
path of the electrons.
This explains why the TRANSCAR model is still valid at
middle and low latitudes in the dayside of the Earth, as the
results shown in Sect. 4.1 will confirm . This configurati on
had already been used to forecast the ionospheric production
in the ionosphere of Titan (Galand et al., 1999).
3 WINDII observations
3.1 The instrument
The dayglow measurements are derived from the WIND
Imaging Interferometer (WINDII), flying on board the
NASA UARS satellite launched on 12 September 1991
and dedicated to middle atmosphere studies (Reber et al.,
1993). The WINDII instrument is based on the concept of
a fi eld-widened Michelson interferometer first described by
Bouchareine and Connes (1963), and implemented in a con-
figuration later conceived by Hilliard and Shepherd (1966).
The most detailed description of the instrument can be found
in Shepherd et al. (1993). WINDII, which was jointly spon-
sored by the Canadian Space Agency and the French Centre
National d’Etudes Spatiales, in collaboration with NASA, al-
lows one to obtain the volume emission rates of the O(1S),
O(1D), OH and O2 lines, corresponding to an altitude rang-
ing from 80 to 300 km. Error bars on the volume emission
rates are about 1 to 10 photons.cm−3.s−1. All the data pre-
sented here are produced by the WINDII software version
5.11 and extracted from L2FD fil es that contain for a given
day the field of view observations, i.e. altitude profile s of
emission rates, temperatures and line of sight velocity along
each orbit.
3.2 Altitude and emission at the maximum of the thermo-
spheric layers
In order to calculate the intensity and altitude at the maxi-
mum of the O(1D) and O(1S) thermospheric layer, a least-
squares fitting is performed on the emission rate altitude pro-
















Fig. 4. Problem Geometry. The magnetic fi eld has an magnetic dip angleθ at the observation point A′. The axis z represents the vertical
axis and the abscissa is the horizontal.















































Fig. 5. The (top) 630.0 nm Volume Emission Rate fi tted by a Gaussian function and (bottom) 557.7 nm thermospheric peak fitted by a
chapman function.
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Fig. 6. WINDII data of the oxygen red emission measured on 1 April 1992 (Ap=13, f10.7=191.4). Dots represent the WINDII 630.0 nm
VER data plotted versus latitude, and the line represents the corresponding zonal average. Error bars indicate the standard deviation.
For the 630.0 nm red line emission, an asymmetrical Gaus-
sian profile was used to describe the measurements (Thuillier











where η is the volume emission rate, z is the altitude of the
emission, x1 and x2 are calculated from w1 and w2 which
represent the lower and upper width of the profile (see Fig. 5).
For the 557.7 nm green line thermospheric peak, the pro-
files are best fitted with a Chapman-like function written as
follows:
η(z) = ηmaxexp (1 − b − exp(−b)) , (2)
where b= z−zmax
H
, with H as the scale height of the Chapman
profile.
This Chapman function was first exposed in Chapman
(1931), and its ability to describe the oxygen green line ther-
mospheric peak was discussed in Maharaj-Sharma and Shep-
herd (2002).
The examples in Fig. 5 show the good agreement between
the theoretical profile s and the oxygen red and green lines
layers. The top panel corresponds to the red line emission
and the bottom one to the green line, with plus markers rep-
resenting the WINDII data and the plain line representing the
corresponding fi t. For the entire set of data, we found a max-
imum deviation of less than 10% in the worst cases, between
the WINDII measurements and the corresponding fit.
3.3 Zonal average
The WINDII data sampling pattern is determined by the in-
terferometer viewing geometry and the UARS orbit charac-
teristics. As described in Shepherd et al. (1993), WINDII
observations are performed at the Earth limb in two direc-
tions, 45 and 135◦ with respect to the UARS velocity vector.
The satellite orbit is circular (radius ∼585 km) and inclined
at ∼57◦. Its period is 96 min and its precession is about
20 min per day. This means that under ideal circumstances,
a given latitude would be uniformly sampled (in Universal
time and longitude) at about the same local time, about 15
times a day, for each of the upleg and downleg orbit seg-
ments, the data from each leg being about 12 h local time
apart. In order to study the statistical variability of the day-
glow with solar flux (solar activity and solar zenith angle),
one has used a zonal average. This process averaged out any
longitudinal variability associated with the dynamical pro-
cesses, like tides and planetary waves, whose influence has
been clearly identifi ed on the O(1S) night-time emission rate
(Shepherd et al., 1997) and on the O(1D) nightglow in the
intertropical zone (Thuillier et al., 2002). Longitudinal vari-
ations of the O(1S) dayglow are also presented in Shepherd
et al. (1997) and Maharaj-Sharma (2003), and discussed in
terms of planetary waves influence. This zonal average con-
sists first in the interpolation of the measurements to regu-
larly spaced latitudes, and then in taking a mean value at
those given latitudes. This average requires a two-step pro-
cess: one with all the peak data (height and intensity) for a
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Fig. 7. 630.0 nm oxygen line – 29 April 1992 – f10.7=128.5, Ap=7. Dots correspond to WINDII measurements and line/diamonds
correspond to TRANSCAR results.
account the measurements within 2σ , σ being the standard
deviation. This second mean allows us to remove a few bad
data points. One example of a zonal mean can be seen in
Fig. 6, which represents the 630.0 nm volume emission rate
maximum, measured by WINDII on 1 April 1992. Individ-
ual measurements used in the mean being at most 20 min LT
apart, correspond to Solar Zenith Angle values less than 3◦
apart at the equator and 5◦ apart at a latitude of 60◦ north or
south.
4 Results
4.1 Modelling of the volume emission rate along the
WINDII orbit
In this section we have chosen to present simulations of
WINDII observations on two days for each thermospheric
layer, one corresponding to low solar activity and the other
to high solar activity. The results are presented as a function
of SZA, which is one of the main parameters that controls
the dayglow, together with solar activity. However, one has
to keep in mind that each SZA corresponds to a given lati-
tude, depending on the satellite orientation, and that the lat-
itude is another parameter that influences the emission rates
through the latitudinal variation of the neutral atmosphere.
This is why on the following figure s, the latitudinal extent of
the measurements is also indicated. The WINDII data have
not been zonally averaged to show the extent of the variabil-
ity of the measurements along the different orbits.
4.1.1 The red line
Figures 7 and 8 show red line measurements taken on 29
April 1992, and 9 January 1995. The f10.7 index for the
first day was equal to 128.5, and the Ap index was 7, and
for the second day we had f10.7=73.7 and Ap=7. The upper
panel shows the evolution of the latitude with regards to the
SZA, the mid panel shows the maximum volume emission
rate in photons.cm−3.s−1 and the bottom panel corresponds
to the altitude in kilometers of the red line emission maxi-
mum, both extracted using Eq. (1). For the VER and altitude
panels, the dots represent the WINDII data and the diamond-
shape curve corresponds to the TRANSCAR results. Those
diamonds indicate the SZA for which the code was run, and
the line is a linear interpolation of the model results between
two runs.
The first noticeable characteristic is a reasonable agree-
ment between the model results and WINDII data: TRAN-
SCAR reproduces correctly the variation of the measure-
ments with solar zenith angle, and this, for weak solar ac-
tivity (on 9 January 1995), or for strong solar activity (on 29
April 1992).
When taking a closer look at the small solar zenith angles,
one can notice a small discrepancy, with modeled VER being
weaker than the ones measured by WINDII, by about 10%.
|)%{
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Fig. 8. 630.0 nm oxygen line – 9 January 1995 – f10.7=73.7, Ap=7. Dots correspond to WINDII measurements and line/diamonds
correspond to TRANSCAR results.
This underestimation corresponds to low latitudes on 29
April and on 9 January, the underestimation occurs on the
contrary, at middle latitudes, which makes it impossible to
explain the observed discrepancy with a variation in lati-
tudes. Another point is that TRANSCAR does not yet take
into account the influenceof the photoelectrons produced in
the conjugate hemisphere and transported along the magnetic
field lines. But Torr et al. (1990) showed, taking the exam-
ple of the O+(2P) 732 nm and the N2(2P) 337.1 nm emis-
sions which are mainly produced by the action of those en-
ergetic electrons, that the conjugate photoelectrons influence
can only be seen during the night in the winter hemisphere.
Thus, including a proper treatment of conjugate photoelec-
trons in TRANSCAR would not have been significa nt in the
calculation of dayglow emissions. On the other hand, a pos-
sible cause of the discrepancy observed on the red line would
be the weak representativity of the f10.7 index with respect to
the solar EUV activity, compared to the MgII index, as dis-
cussed in Sect. 4.2. As the solar EUV influence is the most
important for small solar zenith angles, this would explain
why the discrepancy is mainly noticeable below SZA=45◦.
TRANSCAR also over-evaluates slightly the peak altitude,
with modelled altitudes higher than the measured ones of
about 10 km. We note that 10 km is the order of magnitude of
the variable altitude step of the model in the F-region, but we
cannot assert that the 10 km discrepancy is due to the model
height resolution. In Fig. 7 and Fig. 8, one can also notice
the very low scattering of the measurements. Only for high
latitudes on 9 April, this scattering increases. This low scat-
tering which corresponds to very low longitudinal variations,
justifies the zonal means used in the following statistics.
4.1.2 The green line
As for the red line, two dates are presented in order to study
the variations of the 557.7 nm oxygen green emission: 25
October 1992 and 23 December 1995. Figures 9 and 10
show TRANSCAR results and WINDII data for those two
days, and we remind the reader here that only the maximum
of the thermospheric layer is presented on those plots. The
f10.7 index for the first day was equal to 146.8, and theAp
index was 7, and for the second day we had f10.7=71.2 and
Ap=8. Those two days were chosen for the similarities in
the satellite orbits, with low solar zenith angles correspond-
ing to low latitudes, and solar zenith angles greater than 60◦
corresponding to latitudes below 30◦ south, as shown on the
upper panels of Figs. 9 and 10. The magnetic activity is also
nearly identical, meaning that the main difference between
those two sets of measurements comes from the solar flux
intensity. For the strong solar flux conditions (25 October
1992), the measured volume emission rates are almost twice
as strong as for the low solar conditions day (23 December
1995). Those large differences were properly reproduced
by the TRANSCAR model. However, a small overestima-
tion is noticeable at low latitudes, but it represents a devia-
tion of less than 10% from the mean and remains inside the
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Fig. 9. 557.7 nm oxygen thermospheric line – 25 October 1992 – f10.7=146.8, Ap=7. Dots correspond to WINDII measurements and
line/diamonds correspond to TRANSCAR results.
Fig. 10. 557.7 nm oxygen thermospheric line – 23 December 1995 – f10.7=71.2, Ap=8. Dots correspond to WINDII measurements and
line/diamonds correspond to TRANSCAR results.
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Table 2. Geophysical parameters for the three selected days repre-
sented in the frame in Fig. 12. The first date corresponds to the point
at the top of the frame and the last date to the point at the bottom.
day 630.0 nm VER peak MgII f10.7 Ap Latitude
(cm−3.s−1) (degrees)
28 Dec. 1994 201.3 0.2585 75.9 10 46
21 Dec. 1994 199.8 0.2586 82.4 6 42
9 Jan. 1995 176.7 0.2585 73.7 7 −5
SCAR results reproduce reasonably well the maximum alti-
tude and VER observed by WINDII, particularly on 23 De-
cember, where observations are less scattered. The larger
scattering of WINDII data observed in O(1S), as compared to
O(1D), is a general feature of the measurements and may be
related to the greater importance of dynamical phenomena,
such as tides and planetary waves in the lower thermosphere.
4.2 Statistical results
The atomic oxygen emissions data obtained with the WINDII
interferometer from 1992 to 1995 are shown hereafter,
and we stress that only quiet magnetic days are analysed
(Ap≤10). This represents 22 days for the oxygen red emis-
sion line, and 97 for the green line. This small amount of
red emission line data is due to the typical WINDII weekly
schedule, with one day for the red line observations and three
days for the green line observations, but with several periods
without 630.0 nm measurements. We have chosen to present
the zonal means of the maximum volume emission rates and
maximum altitudes as a function of solar activity for three
different solar zenith angles: 30, 50 and 70◦. As was done in
the simulations we used the f10.7 index to represent the solar
activity. We also chose to use the MgII index (Cebula and
DeLand, 1998) which is an alternative proxy for EUV solar
flux. Thuillier and Bruinsma (2001) pointed out the superi-
ority of the MgII index over the f10.7 index with respect to
upper atmosphere heating processes, suggesting to use this
former proxy for thermospheric modelling. Maharaj-Sharma
and Shepherd (2003) in their study of the mesospheric and
thermospheric O(1S) dayglow examined 5 different proxies
of the solar EUV flux,and found also slightly higher correla-
tions with MgII than with f10.7 for the thermospheric layer.
4.2.1 The red line
Figure 11 shows the volume emission rates ηmax and
the emission maximum altitude Zmax, extracted from the
WINDII data using the method described in Sect. 3.2, as a
function of f10.7. Each one of the three plots stands for a dif-
ferent solar zenith angle, respectively, 30, 50 and 70◦ from
top to bottom. Correlation coefficie nts of VER tof10.7 (as-
suming a linear relationship) are indicated on the plots.
Looking at Fig. 11 and considering the intensity of the
emission maximum, i.e. ηmax, one can see that it decreases
with the increase of solar zenith angle. On the top panel (for
a solar zenith angle of χ=30◦), we have a mean value of
roughly 300 photons.cm−3.s−1, while we have on the middle
panel (χ=50◦) roughly 250 photons.cm−3.s−1, and roughly
230 at χ=70◦ (bottom panel). This means a decrease of
about 25% when going from a Sun almost at zenith to a graz-
ing Sun. This result is not surprising because the larger the
solar zenith angle, the larger the atmosphere layer and thus,
the EUV flux decreases and the reaction involving electron
impacts weakens. As previously seen in Fig. 2 this reaction
is one of the preponderant production process involved in the
red line emission. The solar zenith angle influence is very
weak on the emission altitude, and the red line peak remains
around 210 km high when solar zenith angle is smaller or
equal to 70◦.
Regarding the influence of the f10.7 index, one can say that
when the solar activity and then the EUV flux increases, a
greater importance is given to the reaction involving elec-
tron impacts, and then the thermospheric peak is enhanced,
as expected. When considering a solar zenith angle of 30◦,
the variation is quite strong: it increases from 230 to about
350 photons.cm−3.s−1, which is about 50% more, and we
have variations of the same order for solar zenith angles of
50 and 70◦. This rise with solar fluxcan also be seen with
the altitude Zmax of the emission maximum, even if it is less
pronouced than for the peak intensity, with a variation of
about 10% with the increase of the f10.7 index, no matter
which solar zenith angle is considered. The results of the
TRANSCAR simulation presented in Sect. 4.1.1 have been
added in Fig. 11, as green diamonds. Additionnal TRAN-
SCAR simulations for intermediate solar activity conditions
are shown as red circles. Within the more global picture dis-
played by the statistics, one can say that TRANCAR is able
to give a good picture of the main variations of the O(1D)
layer maximum, despite an offset present in the maximum
emission altitude, as already noticed in Sect. 4.1.
Figure 12 shows the same WINDII volume emission rate
and altitude data plotted this time versus the MgII index.
Correlations coeffici ents are significantly higher for the two
smallest solar zenith angles, i.e. when the solar EUV influ-
ence is the most important. The remaining scattering of the
points can be attributed to latitudinal and seasonal variations.
We have examined all points with nearly the same MgII in-
dex but different volume emission rates and have verified that
in all cases the latitude and/or the season were different. A
good example is given by the three points encircled in Fig. 12
(bottom panel). In Table 2 the Ap, f10.7 and MgII indices
for those days are indicated, together with the latitude corre-
sponding to the solar zenith angle of 70◦. One can see that
when the latitude and season are the same (two fi rst points),
the maximum VER are almost identical, however, this is not
the case for the last point. Using the f10.7 index would not
have allowed such an analysis.
4.2.2 The green line
In Fig. 13 the results are presented for the atomic oxygen
green thermospheric peak, in the same format as the red
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Fig. 11. WINDII measurements of the 630.0 nm volume emission rates and maximum emission altitudes for quiet geomagnetic days
(Ap≤10), from 1992 to 1995. Data are plotted versus the f10.7 index, and error bars correspond to the standard deviation. Diamonds
correspond to the TRANSCAR simulation results presented in Sect. 4.1.1, and circles are simulations results for intermediate solar activity.
Fig. 12. WINDII measurements of the 630.0 nm volume emission rates and maximum emission altitudes for quiet geomagnetic days
(Ap≤10), from 1992 to 1995. Data are plotted versus the MgII index, and error bars correspond to the standard deviation.
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Fig. 13. WINDII measurements of the 557.7 nm (thermospheric peak) volume emission rates and maximum emission altitudes for quiet
geomagnetic days (Ap≤10), from 1992 to 1995. Data are plotted versus the f10.7 index, and error bars correspond to the standard deviation.
Diamonds correspond to the TRANSCAR simulation results presented in Sect. 4.1.2, and circles are simulations results for intermediate
solar activity.
Fig. 14. WINDII measurements of the 557.7 nm (thermospheric peak) volume emission rates and maximum emission altitudes for quiet
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gle is quite similar to the 630.0 nm emission comportment,
with a decrease in the emission intensity and an increase
in the emission altitude with solar zenith angle. The de-
crease in emission intensity is strong, starting with a mean
value of roughly 600 photons.cm−3.s−1 at a solar zenith an-
gle of χ=30◦ (upper panel), and ending with a mean value
of roughly 200 photons.cm−3.s−1 at a solar zenith angle of
χ=70◦ (lower panel). For the emission altitude, a weak in-
crease with solar zenith angle is noticeable, with an average
peak altitude going up by 20 km when the solar zenith angle
goes from 30 to 70◦.
For the variations with solar activity, we have quite
a strong fluctuation on the peak intensity: it goes from
500 photons.cm−3.s−1 to 750 at solar zenith angle χ=30◦,
and we have variations of the same order for solar zenith an-
gles of 50 and 70◦. For the emission altitude, the variation
with the solar fluxis quite similar to the red line, with an in-
crease of about 10%. Simulations results have been added as
diamonds and circles in Fig. 13, as was done for the red line.
As previously mentioned in Sect. 4.1.2, one immediately no-
tices an overestimation of the intensities at SZA=30◦. This
overestimation is about 10% for three cases over four. For
larger solar zenith angles, simulations and observations agree
within about 10%. Concerning the maximum emission alti-
tude, TRANSCAR gives a good representation of the mea-
surements.
Figure 14 show the same data as a function of the MgII
proxy. The correlation coefficien ts are signific antly higher
for SZA, equal to 30◦ and 70◦. At 50◦, where the scatter-
ing of data is the largest, no real improvement is, however,
observed.
5 Summary and conclusions
In order to summarize the behavior of the atomic oxygen
emissions with regards to the solar zenith angle and the so-
lar flux variations, one gives hereafter estimations of those
parameters’ influence and their physical interpretation:
1. when solar zenith angle increases from 30◦ to 70◦,
– the peak intensity decreases by about 25% for the
red line, and 70% for the green line. This is mainly
caused by the decrease of the EUV fluxand then the
frequency of the photoelectron impacts, one of the
preponderant production processes for both emis-
sions,
– the peak altitude increases by 10% for the green line
but remains nearly constant for the red line;
2. when solar activity increases by a factor of 3, red and
green line emissions intensity and altitude increase (by
about 50% and 10%, respectively, regardless to the line
considered). This can be interpreted again as the en-
hancement of the reaction involving photoelectron im-
pacts with the increase of the solar EUV flux,
3. a better representativity of the MgII index was found
when describing the relations between the oxygen emis-
sions and the solar EUV activity, demonstrated by better
correlations than with the f10.7 proxy.
Those comportments related to the solar zenith angle and
solar flux variations are appropriately reproduced by our 1-D
fluid/kinetic model TRANSCAR, even if small dissimilar-
ities are noticeable. Those discrepancies were mainly dis-
cussed in terms of the ability of the f10.7 index to represent
the solar EUV thermosphere input. Future simulation works
will try to introduce a different proxy, such as MgII , as in-
put to the neutral atmosphere model. It is likely to be done
by using the new DTM-2000 model (Bruinsma et al., 2003)
which uses this proxy, instead of the MSIS model which in-
volves f10.7.
Possible continuations for statistical data analysis could be
first to quantify the influenceof other geophysical parame-
ters such as the latitude or seasonal variations. This can be
performed only for the thermospheric O(1S) layer, with the
O(1D) database being too small. A second interesting study
would be to look at the oxygen dayglow variations during
active magnetic periods. Reaching a better understanding
of how the airglow fluctuates during magnetic disturbances
would lead to a better knowledge of the high atmosphere re-
sponse to geomagnetic activity, which is important for space
weather users.
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SZA = 50 degres
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Photoelec. flux (E=6eV) [cm−3.s−1.eV−1]











































SZA = 30 degres













SZA = 70 degres
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557.7 nm thermospheric peak
²1³ ´MµC¶·¸M¹»º¼½¾¼s¼6¿ﬁÀ[ÁPÂÃ_ÄtÀa¿ﬃÀaÅcÆÂÇÈ|ÆtÉgÀEÆÉlÀÄt¿ﬃÇÊ
ÂsËgÉgÀaÄÌ ÍËMÀaÁÎ°ÇPÈÆÉgÀÏÏÐcÑ Ð¡Åg¿ÒÀa¿ﬁÌ ÂÂsÌ ÇÅÈ ÄtÇ¿ÔÓ[ÕÕÖ¡ÆÇ
ÓaÕÕoÏcÑØ×
ÉgÀ6ÙoÇÚ Ãg¿ﬃÀ3À[¿ﬃÌ ÂsÂÌ ÇÅÛÄtÁ[ÆtÀÝÜ _ÞRÌ Â|Àß_ËgÄÀaÂsÂÀ[àÌ Å
Ë_ÉlÇÆÇÅlÂaÑ Ía¿vlÑ Â[Cá[â4ÁÅlàRÆÉgÀÁPÚ ÆÌ ÆÃgàgÀ8[Ì Å
Î
¿vÑ¾ ÁPÆtÁ
ÁPÄÀﬁËgÚ ÇÆsÆtÀ[àÙoÀÄÂÃgÂ ÆÉgÀﬁ@covË_ÄtÇ[ßcãoâ&ÁPÅlàRÀtÄÄÇÄ%älÁPÄtÂ ÍaÇPÄÊ
ÄÀaÂËMÇÅlàRÆÇÆtÉgÀﬁÂÆtÁÅlàgÁPÄtààgÀaÙcÌ ÁPÆÌ ÇÅCÑ×
ÉgÀﬁägÚ ÁPÍÎRàgÁPÆtÁÂsÀÆ
ÍaÇPÄÄÀaÂËMÇÅgàgÂﬃÆÇRåcÃgÌ ÀaÆæÀaÇ¿ﬁÁæÅgÀÆÌ ÍvàlÁaã_ÂvÜ ç1è3éÓ[êÞâÆtÉgÀ
ÄÀ[àﬃÂsÆsÄtÁÌ æÉcÆÚ Ì ÅgÀ1äMÀaÌ ÅgæÆÉgÀ
ÄÀaÚ ÁÆÀ[àﬁÚ Ì ÅgÀ[ÁPÄ4ÄÀaæÄtÀaÂsÂÌ ÇÅCâcë+ÉlÌ Ú À
ÆÉgÀﬃæÄÀaÀaÅ|àlÁ[ÆtÁÂÀÆ%ÍaÇÄsÄtÀaÂsËMÇÅlà_ÂÆtÇÂsÆÄÇÅgæÀÄ%æÀaÇ¿ﬁÁæÅ_ÀaÆÌ Í
ÁÍÆtÌ Ù_Ì Æ"ãRÜ ç
è
 3ìêÞÑ
æÀ[Ç¿ﬁÁPæÅlÀÆÌ ÍDÁÍÆÌ Ù_Ì ÆãäMÀaÍaÇ¿ﬁÀaÂ4ÂsÆsÄtÇÅgæÀaÄ[âcÁPÅlàÆÉgÀ1À¿ﬁÌ ÂÂsÌ ÇÅﬁÁÚ Ê






É_ÀﬃàgÁ[ã_æÚ Ç[ë°¿ﬃÀaÁÂsÃgÄÀa¿ﬃÀaÅcÆÂÁPÄÀà_ÀÄtÌ ÙoÀ[àvÈ ÄÇ¿ ÆtÉ_À%º@¼"½¾
¼¿ﬁÁæÌ Ågæv¼ÅcÆÀaÄsÈ ÀÄtÇ¿ﬃÀaÆÀÄÜ º¼½¾¼s¼Þâlë1ÉgÌ ÍtÉRë
ÁÂ%Ú ÁÃgÅlÍtÉgÀaàRÇÅ
Ó[Ö_À[Ë_ÆÀa¿äMÀaÄDÓ[ÕÕcÓ ÇÅv½ ÂﬁﬀﬃﬂMâcÁﬃÂÁPÆtÀÚ Ú Ì ÆÀ%àgÀ[à_Ì ÍaÁÆÀ[à
ÆtÇÃgËgËMÀaÄ8ÁPÆ¿ﬁÇÂsËgÉgÀaÄÀ
ÂsÆÃlà_Ì ÀaÂ1Ü ﬂ1ÀaäMÀaÄ8ÀÆÁÚ Ñ  ÓaÕÕì"! ÞÑ4×
ÉgÀ+¿ﬃÇÂsÆ
à_ÀÆtÁÌ Ú À[àﬃàgÀÂÍÄtÌ ËgÆÌ ÇÅﬁÇPÈMÆtÉgÀ+Ì ÅlÂÆÄÃg¿ﬃÀ[ÅoÆ&Í[ÁÅﬃäMÀ
È ÇÃ_ÅlàÌ Å#cÉlÀaË_Ê





¾ Þâ$&%ÁÅlà'$(%Ú Ì ÅgÀaÂaâBÍaÇÄsÊ
ÄtÀaÂËlÇÅlà_Ì ÅgæÆÇÁPÅ|ÁPÚ ÆÌ ÆÃgàgÀÄtÁÅgæÌ ÅgævÈ ÄtÇ¿*)êÆÇìêêÎc¿Ñ,+8ÄsÊ













Ã_Ú ÇÆ&ÀaÆ&ÁÚ Ñ ÖêêG! ÞâoÂÆÁ[ÆtÌ ÂsÆÌ Í[ÁÚ_ÄÀaÂsÃgÚ ÆtÂ





 		   ﬀﬁﬂ ﬃ	 	 !ﬁ"	$#ﬁ%& ')(*
+-,/.10 24365 .178.1936:;+<.>=@?;AB+-78+>CD5 EFE65 .17;EG5 36:836:H+<E6.10 IBJKH24=MLN:;5 E
O4JP+-,@5 .12;EQEF362;R4?TS-.17;S-+UJP7;EQV4245 +U3CWIXA17;+-365 SYR4I-?;E[Z \]_^a`>b1cUL
N:H+EPIBCW+EF362HR4?<5 EOd+UJF9 .BJ6CW+-Re:H+UJ6+f;2;39 .1JEF3FJP.17;AB+-JCWIBAB7H+U3P5 S
I1SU365 ,@5 3?/L
gh idh jHhlkemUndoqp rWn@sdtdu;v@wyx>v/zyv@oqp {-{-p n;w
|
5 AB2;J6+}<E6:;.>GE36:;+5 7@36+-7;E65 3ﬀ?WIB7HRDIB0 365 362dR@+.B9M36:;+~1Bb4L b74C
J6+>R0 5 7H+Od+-IB<,/+UJPEF2;E3P:;+T@/"O4J6.X=@?DZ +>IB36:I17;RD4SP:;0 +-EF5 74A1+-J

`-1B~XŁ cU4G:;5 SU:D:HIBEfd+-+-7WE6:;.>G7D36.efd+U3F3P+UJSP:HIXJPIBS-36+UJP5 >+36:;+EF.1
0 I>JIBSU365 ,@5 3?W+UM+-S-3.17e6 IBESU.1CWOHIXJ6+>RD36.W
ﬀU 












N:H+<f;0 IBSP8R4.B36ES>.BJFJP+UE6Od.17HRQ36.V/2;5 +U3CWIXA17;+-365 SR4I>?4EIB7HRQ36:;5 E
RHIX3PIDE6+P3"5 E%5 R;+U7@3P5 S>IB03P.D3P:;+<.17;+"O;J6+>,@5 .12;EF0 ?O;2Hf40 5 E6:4+>R5 7[24
0 .X3+-3IX0 L
 
b1bB}XŁ HG:;5 0 +%36:;+AXJP+-+-7QR4.136ES-.1JFJP+-EFOd.B7dRW36.R;I>?4E9 .BJ
G:H5 SU:\]e_`>b@L
N:H+Q3G.YE6+-O;IBJPIX36+>R
S>I>3P+-A1.XJP5 +-E.X9"CWIBAB7H+U3P5 S8IBSU365 ,@5 3?R;.Y7;.B3
EF:H.>GS-0 +>I>JeR;5 E6SUJ6+>O;IB7HSU5 +-E%G:;5 0 +D0 ./.  5 7HAQIB3%36:4+D5 7/3P+-7;E65 3ﬀ?qIB7;R
I10 3P5 3P2HR4+.B9MCWIX=;5 C2;C +>CD5 EFE65 .17/G:;5 0 +G+:;I1RWID`>b1l5 7;SUJ6+>I1EF+
5 7qIX0 365 3P2;R;+<G5 36:[N ¡";  CD.4R4+-0 5 7;A;L¢,1+>736:H.B2;A1:Md36:;5 E




RHI>3PIE6+U39 .1J3P:;+8J6+>R$0 5 74+Y5 EQ7;.130 IBJ6AB+Y+>74.12HAB:T36.
R4JPI>G S-0 +>IXJ"S-.B7HS-0 2HEF5 .B7;E-L<¥2;3%EF365 0 0 d36:H5 E36J6+-7HRE6:;.>G5 7;AQIB7[IX0 
CD.1EF3<S-.B7HEF3PIB7/3<+-CW5 E6EF5 .17[JPIB36+D5 7/3P+-7;E65 3?q5 E"E65 CW5 0 IXJe36.Q36:H+.17;+
9 .12;7HRf@?






gh idh iMhlkemUndoqp rWn@sdtdu;v@wyu;x>v1v@wym-¨v/x>oqnH{U©ª¨v1x>p rQv/oqp {-{-p nHw
¡%.%R45 M+UJ6+>7;S-+-EªS-.12;0 RfH+9 .12H7;Re.17e36:H+.>=4?4AB+-7J6+>Re+-CD5 EFE65 .17
f;2;3.B7q36:;+<.B36:;+UJ%:;I17HRdd,BIBJ65 IB365 .17;E%S>IX7qfd+<9 .12;7HRG:;+-780 ./.B4








S>IB0 0 ?IBSU3P5 ,/+"S-.B7HR;5 365 .B7;E<Z \
]





 3%­®\ ¯_1bB°QZ 2;O;Od+UJOHIB7;+-05 7;A124JP+«BcUH36:;+<EFCWIB0 07@2HCefd+UJ
.B9"I>,BIB5 0 IBf;0 +qR4I>?4E5 EW7;.B3DE624±DS>5 +-7@3D3P.YR@JUI>G²IX7@?yS-.17;S-0 2HEF5 .17M
I17HRIB3%1b
°
Z 0 .>G+PJ%O;I17;+-05 7;A12;J6+"«1c36:H+"R45 M+PJP+-7;S>+UEfd+U3G+-+-7
36:H+%3G.WR;IX3PIE6+U3PEIBJ6+<7;.B3,45 E65 fH0 +1;G:H5 SP:GIBE+U=4Od+-SU36+>RQG:;+-7
0 ./.B45 74A<IB336:;+N ¡"; yJ6+-E6240 36E.B736:H+36.BO; J65 A1:/3OHIB7;+-04.B9
HA124J6+"4L¥2;39 .BJ«1b
°
Z CW5 R;R40 +OHIB7;+>0d5 7HA124J6+<«1cU@5 35 E7;.B365 S-+-
I1f;0 +D3P:;IX3<3P:;+WOH+>I

+-CD5 EFE65 .B7y5 7@3P+U7HEF5 3?qfd+>S-.BCW+-E"G+>I

+-JIB7;R
36:H+CWIX=45 Ce2HC_+-CW5 E6EF5 .17DIX0 365 362;R;+5 7;SUJP+>IBE6+UEG:;+-7CWIXA17;+U3P5 SIBS-
365 ,45 3?J65 E6+-E>L
£





2HEF5 7;A3P:4+<N% ¡"; $CW.@R;+-0 @G:;5 SP:8CWI

+-E2HEfd+U
0 5 +>,B+%36:H+%,BIBJ65 IX365 .B7;E5 7HR42HS-+>RWf/?W36:H+JP5 E6+"5 7CWIBA174+-365 S"IBSU365 ,45 3?
G+UJP+DO4J6.1Od+-J60 ?q3PIB1+-7Y5 7@36.I1SUS-.12;7@3>LWN.8CWIB1+DIV@2HIX7@365 3UI>3P5 ,/+
S-.1CDOHIXJP5 E6.17WG5 36:N ¡%; 
J6+>EF2;0 36E>4IeCW.XJ6+O4J6+>S-5 E6+%E3P2;R4?
2;E65 7;AA1J6+-+-70 5 7;+RHIX3PI9 J6.1Cl+>IBSP:.BJPf45 3>/I17;ReG5 36:;.1243IB7/?<-.17HIX0
IX,1+-JPIBAB5 7;A;4GIBEOH+-JF9 .BJPCD+>RML
gh gMh´³Wx>v/v/wµ p wMvQmUx>v/wz{
 _AXJ6+>IB3,1IXJ65 IXfH5 0 5 3?W5 E7;.B365 S-+>IBf;0 +%.17D3P:4+5 7/36+>7;E65 3?WIB7HRIX0 365 




.BJ6fH5 3PE-4I17;R2;EF5 7;ADI<-.B7HI10MI>,/+UJPIBA15 7;AEFCW./.136:4E3P:;5 E,BIXJP5 IBf;5 0 5 3?/L
N:42;E-ª3P.8.1f;3PIB5 7
I8fH+-3636+UJV@2HIB7/365 ;S>IB365 .17.B936:;+5 74Kd24+-7HSU+W.B9
36:H+CWIBA17;+U3P5 SIXS-365 ,@5 3ﬀ?y.17y36:;+5 7/3P+-7;E65 3?IB7HRIX0 365 362;R;+.B9%36:;+
ABJ6+-+>70 5 7H+Q36:;+UJ6CW.1EFO;:;+-J65 SOd+>IBdR;IX3PI[IXJ6.12H7;R«BbYR4+-ABJP+U+>E5 7
0 I>3P5 3P2HR4+Q9 J6.1Ca+-IBSP:T.BJ6f;5 3WG+UJP+Q3PIB1+>75 7@3P.[I1S-SU.12H7/3IB7HR
IB74
I10 ?4-+>RIBEe+U=4O;0 IX5 7;+>R:;+UJ6+>IB9 36+-J>L8N:@JP+-+WEF36+>O;EeIBJ6+5 7@,/.10 ,/+-R[5 7
36:H5 EIB7dIX0 ?4E65 E>¶
`1L42;f;3FJPIBSU3P5 .17Q.B93P:;+"E6.B0 IBJKH2;=IX7HR8;·M _5 7;K;2H+-7;S-+1L

L¸5 7;Dfd+-3G+-+>7Q+-I1SP:Q.BJPf45 3%IX7HRW36:H+%CWIBA174+-365 S"IBSU3P5 ,@5 3?5 74
R;+-=dL
4L.1CDO;243UI>3P5 .B7Q.B9ª36:;+"S>.B74dR4+-7;S-+"5 7@36+UJP,1IX0 E-L
|
5 J6EF3>ª5 3<GIBE<7H+-+-R;+>R83P.E62;f43FJPI1SU3<36:H+EF.10 IBJeKH24=YIX7HRY;·M 
5 74KH24+>7;S-+1LYN.[R4.8EF.;I80 5 74+>IBJeJP+-ABJ6+>EFE65 .B7GIBEDOd+-JF9 .BJ6CW+>R.B7




0 5 7;+1LN:H+".1f43PIB5 7H+-RQ0 5 7;+>IXJ43PEIBJ6+<IBE9 .B0 0 .>GEe¶
























CD+>7/36ER4.17;+R;24JP5 7;A"A1+-.BCIBA174+-365 S>IB0 0 ?QIBSU3P5 ,/+R;I-?4EEF.<36:HIX3.B7H0 ?
36:;+%,1IXJ65 IX365 .174E%R42;+%36.3P:45 ECWIBA174+-365 S"IBSU3P5 ,@5 3?J6+-CWIB5 7;E-L
N:;+E6+-SU.17HRWEF36+-OS-.B7HEF5 E3P+>RW5 7QAB+U36365 7;A<36:H+CWIBA17;+-365 S5 7HR;+U=DÂ ]
S-.BJFJ6+>EFOd.17;R;5 7HA%3P.3P:;+%:4.124J6EO4J6+>S-+>R45 7HA3P:4+S-.17;EF5 R4+-J6+>R.XJPf;5 3>L
N:;+WÂ]85 7HR4+-=q9 .10 0 .>GEWIQ0 .1A1IXJ65 36:HCD5 SWE6S>IX0 +1IX7HRq36:H+DS>.B74,1+UJ6
EF5 .17e9 J6.1CÂ ] 36."\ ] S>IB7fd+9 .12H7;R5 7WÃQ+-7@,45 +-0 0 +IB7;R¥+UJF3P:;+-0 5 +-J

`>B4`UŁ LeN.QAB5 ,1+IB7[+-=@+>CDO;0 +1MIWÂ].B9

5 E+>V@2HIB03P.QIB7[\].B9
IXfd.1243%@HIX7HRIÂ ] .X95 E+-V@2HIB0d36.WIX78\ ] .B9IXfd.1243

b1b@L
N:;+"B :H.B2;JCWIBA17;+U365 S%5 7HR4+-=W5 EI1+-?W5 7HO;24336.E6Od+US>5 9 ?36:H+A1+U









J6+>EF2;0 36EDG:;+>72HEF+>RyG5 36:TIYXﬀ:;.124JWCWI1AB7;+-365 SQ5 7HR;+U=MfH+-S>IB2;EF+
R@2;J65 7;AEF3P.XJ6CÄOd+PJP5 .@R4E-0 IBJ6A1+SP:HI174A1+-Ee./S>S-24JD.>,/+-J<E6:4.1JF3e365 CW+
Od+UJ65 .@R4E-IB7;R36:H+UE6+SU:;I174A1+-EI>JP+fd+-EF3W3FJPIB7;E6SUJ65 fd+>RG5 36:36:H5 E
O4J6.X=@?/Le¸IBEF3>S-.17;E65 R4+-J65 7;A36:4+DO@JP+-,@5 .12;E"X :H.124J<OH+-J65 .@R[IB0 0 .>GE
36.3PI







Ł5 73P:;+-5 J5 .B7H.BE6O;:;+UJ65 S<CW.@R;+U0 HIBEG+-0 0
IXE"¸IX36:42;5 0 0 Å+UJ6+DIB7;R[Ã+U74,@5 +-0 0 +
 
bBbB}1Ł5 7q36:;+>5 J"E3P2;R4?Q9 .BJ<SP:HIXJ6
IXS-36+UJP5 E65 7HAAB+>.BCWIBA17;+-365 SDIBSU365 ,45 3ﬀ?5 78E62;fHIB24JP.XJPI10J6+>AB5 .B7HE-L%N:H5 E




36:;+36:4JP+-+Uﬀ:;.124JR;+-0 I>?2;E6+-Ry5 7y:;+UJ6+S-.BJFJP+-EFOd.17HR4E3P.836:;+0 IX365 
362HR4+>EIXJ6.12;7HR8«Bb
°
S>.174E65 R4+UJ6+>R5 73P:;5 EEF362HR4?@L
N:;+0 IBEF3E3P+-OD5 7D36:;5 EIX7HIB0 ?4E65 ESU.17;E65 EF3P+>RD5 7WS-.1CWO42;365 7;A36:H++-=@
Od+-SU36+>R[,BI10 2;+-E%G5 3P:Y1«BÆS-.174dR;+U7HS-+D5 7@36+UJP,BIB0 IXE6EF2;CW5 7;A36:HIX3
36:;+"IBS-362HIB0MR;IX3PIEF3PIB365 EF3P5 S>IX0ªR;5 EF36J65 fH24365 .17S-IB7fd+S>.B7;E65 R4+UJ6+>R8IXE
Ie@362HR4+>7/3.B7H+BL¸IXJ6A1+S>.B74dR4+-7;S-+5 7/36+-J6,BI10 ES-.BJFJP+-E6OH.17HRW36.<E65 36
2;IB365 .17;E9 .BJG:;5 SP:Q9 +UG .Bf;E6+UJP,BIX3P5 .17;EG+-J6+eI>,1IX5 0 IBf;0 +1L









Kp − 3h preceding the orbit
557.7 nm thermospheric peak
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